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ABSTRACT Incorporation of 3-ﬂuorotyrosine and site-speciﬁc mutagenesis has been utilized with Fourier transform infrared
(FTIR) spectroscopy and x-ray crystallography to elucidate active-site structure and the role of an active-site residue Tyr34 in
human manganese superoxide dismutase (MnSOD). Calculated harmonic frequencies at the B3LYP/6-31G** level of theory for
L-tyrosine and its 3-ﬂuorine substituted analog are compared to experimental frequencies for vibrational mode assignments.
Each of the nine tyrosine residues in each of the four subunits of the homotetramer of human MnSOD was replaced with
3-ﬂuorotyrosine. The crystal structures of the unﬂuorinated and ﬂuorinated wild-type MnSOD are nearly superimposable with
the root mean-square deviation for 198 a-carbon atoms at 0.3 A˚. The FTIR data show distinct vibrational modes arising from
3-ﬂuorotyrosine in MnSOD. Comparison of spectra for wild-type and Y34F MnSOD showed that the phenolic hydroxyl of Tyr34 is
hydrogen bonded, acting as a proton donor in the active site. Comparison with crystal structures demonstrates that the hydroxyl
of Tyr34 is a hydrogen bond donor to an adjacent water molecule; this conﬁrms the participation of Tyr34 in a network of residues
and water molecules that extends from the active site to the adjacent subunit.
INTRODUCTION
Superoxide dismutases catalyze the disproportionation of
superoxide anion radicals to molecular oxygen and hydrogen
peroxide and are classiﬁed according to the metal cofactor
found in the active site (1,2). Human manganese superoxide
dismutase (MnSOD) is a homotetramer of 22 kDa subunits
(3) located in mitochondria, where it provides protection
against oxidative damage. The crystal structure of human
MnSOD shows an apparently hydrogen-bonded network of
side chains and water that extends from the manganese-
bound solvent molecule at the active site to solvent-exposed
residues and to the interface between subunits (4). This
network has been suggested to support proton transfer in
catalysis (5). In the network, the side chain of Gln143 appears
to form hydrogen bonds with the manganese-bound solvent
and with the side-chain hydroxyl of Tyr34. The crystal
structure shows an ordered water molecule that also appears
to form a hydrogen bond with the hydroxyl of Tyr34 (4). The
replacement of Tyr34 with Phe (Y34F) has only minor effects
on catalysis at low substrate concentrations (6,7); however,
near maximal velocity the value of kcat for Y34F is 10-fold
lower than for wild-type (7). The ionization of the phenolic
side chain of Tyr34 has been identiﬁed as the origin of the pH
dependence of several spectroscopic and kinetic properties
of Mn(III)SOD (7,8).
In this report, Fourier transform infrared (FTIR) spectros-
copy and x-ray crystallography have been applied to human
MnSOD to better understand the role of Tyr34. Each of the
nine tyrosine residues in each subunit of wild-type MnSOD
was replaced with 3-ﬂuorotyrosine to help identify vibra-
tional modes associated with tyrosine side chains. To
identify vibrational modes that are speciﬁc to Tyr34, the
FTIR spectrum of wild-type is compared with that of Y34F
MnSOD. Our FTIR data show distinct vibrational modes
arising from ﬂuorinated tyrosine; based on the frequency of
the C-O stretching vibrations in wild-type and Y34FMnSOD,
the C-O stretching vibration of the phenolic group of Tyr34
has been identiﬁed. The frequency of this absorption is
consistent with a phenolic hydroxyl that is hydrogen bonded
acting as a proton donor. These data complement the crys-
tal structure and conﬁrm the participation of Tyr34 in the
hydrogen-bonded network of residues and water molecules
that extends from the active site to the adjacent subunit.
MATERIALS AND METHODS
Reagents
L-tyrosine and 3-ﬂuorotyrosine were purchased from Sigma (St. Louis, MO)
and Acros Organics (a subdivision of Fisher Scientiﬁc, Pittsburgh, PA).
MnSOD expression, puriﬁcation, and
ﬂuorotyrosine labeling
Escherichia coli cells that express wild-type and Y34F humanMnSODwere
grown in enriched and minimal media. For minimal media growth, the
overnight culture was grown for 17 h at 37C in 50 mL of minimal media
until an OD595 ¼ 1 was reached. The minimal medium (M9) consisted of
0.04 M Na2HPO4, 0.02 M KH2PO4, 8.6 mM NaCl, and 0.02 M NH4Cl. The
overnight culture was supplemented with 0.1 mM CaCl2, 1 mM MgSO4,
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0.2% glucose, 1 mg/mL of thiamine, 0.2 mg/mL of amino acids (except
the aromatic amino acids), 1 mM tryptophan, 1 mM phenylalanine, and
ampicillin. The glucose, thiamine, amino acids, tryptophan, and phenylal-
anine solutions were ﬁlter sterilized through a 0.2 m Corning ﬁlter system
unit. The CaCl2 and MgSO4 were autoclaved. The overnight growth was
then transferred to 11 L of minimal media and supplemented in the same
manner as the overnight culture plus the addition of sterile 18 mM MnSO4.
The cells were allowed to grow for ;5 h until an OD595 of 0.3–0.4 was
reached. At this point, the cells were induced with 0.3 mM isopropyl-beta-
D-thiogalactopyranoside supplemented with 1 mM 3-ﬂuorotyrosine (or
unlabeled L-tyrosine as a control) and allowed to grow for an additional
4 h. Due to the low solubility of L-tyrosine and its ﬂuorinated analog in water,
these compounds were added as solids to the growing media. The cells were
placed at 4C overnight and harvested the next day by centrifugation. The
resulting pellet was frozen at 70C until lysis was performed. The cells
were lysed as previously described (9). The resulting protein solution was
ﬁltered, and fast protein liquid chromatography was performed to further
separate MnSOD from some cellular proteins still present after the heating
and dialysis steps. MnSOD was eluted at ;40 mM NaCl in the presence of
10 mM Tris-HCl pH 8.2. The puriﬁed protein was concentrated and dialysed
extensively against the ﬁnal buffer 20 mM potassium phosphate at pH 7.8.
The content of Mn in MnSOD was determined using ﬂame atomic absorption
spectroscopy, and the concentration of MnSOD for kinetic study was taken as
the manganese concentration.
Fluorotyrosine was incorporated into 67% of all tyrosine sites in human
MnSOD, determined by amino acid analysis composition (Protein Chem-
istry Laboratory, Texas A&M University, College Station, TX), and corrob-
orated by MALDI-TOF mass spectrometry.
FTIR spectroscopy
A Midac (Costa Mesa, CA) FTIR spectrometer equipped with a deuterated
triglycine sulfate detector was utilized to obtain infrared spectra of ﬂuo-
rinated and unlabeled wild-type and Y34F human MnSOD. FTIR data were
acquired on samples prepared in a uniform manner; each contained 30 mL of
protein at 0.5 mM in 20 mM potassium phosphate at pH 7.8 that were
dehydrated on a ZnSe window by applying a stream of dry nitrogen gas at
room temperature. FTIR data were also collected on 1 mM L-tyrosine and
1 mM 3-ﬂuorotyrosine in 20 mM potassium phosphate at pH 7.8. The
samples were placed in the sample compartment, which was evacuated
through a rotary pump to eliminate water vapor. The spectral parameters
were as follows: apodization, Happ-Genzel; resolution, 4 cm1; number of
scans, 215; levels of zero ﬁlling, one; and temperature, room temperature.
The spectra acquired from protein samples were corrected for an amide I
vibration of 0.35 to allow direct comparison. The data shown here represent
an average of 860–1075 scans and 4–5 different samples.
Crystallography
Orthorhombic crystals of ﬂuorinated wild-type and Y34F human MnSOD
were grown by vapor diffusion from protein solutions at 26 mg/mL, buffered
in 20 mM potassium phosphate buffer at pH 7.8 and 22% poly(ethylene
glycol) (PEG) 2000 monomethyl ether. X-ray diffraction data collection
was conducted at 100 K on ﬂash-frozen single crystals, supplemented with
20% ethylene glycol cryoprotectant in their mother liquor. Data sets were
collected at beamline 8.3.1 of the Advanced Light Source, Lawrence
Berkeley National Laboratory (Berkeley, CA) on a Q315 ADSC CCD
detector. Data sets for the ﬂuorinated wild-type and Y34F MnSOD were
collected to 1.85 A˚ and 1.53 A˚, respectively. Data sets were indexed and
merged with Denzo and scaled with Scalepack (10). The ﬂuorinated wild-
type crystal belongs to space group P21212 with unit cell dimensions of a)
74.0 A˚, b) 75.4 A˚, and c) 67.8 A˚. The data set was 97.8% complete (94.7%
for the highest-resolution shell (1.85–1.97 A˚); 32,265 unique reﬂections
measured) with an Rsym of 6.7% (30.8% for the highest-resolution shell).
The data have an overall I/UˆI of 37.1 with an I/sI in the highest resolution
shell of 6.2. The ﬂuorinated mutant Y34F crystal also belongs to space group
P21212, and has unit cell dimensions of a) 73.7 A˚, b) 75.3 A˚, and c) 68.0 A˚.
The data set was 99.9% complete (94.7% for the highest-resolution shell
(1.58–1.53 A˚); 57,452 unique reﬂections measured) with an Rsym of 5%
(28.4% for the highest-resolution shell). The data have an overall I/UˆI of
57.9 with an I/sI in the highest resolution shell of 5.3. Phases were obtained
for both structures by molecular replacement against the wild-type human
MnSOD structure using AMoRe (11). The two structures were reﬁned with
several cycles of rigid body and restrained reﬁnement, using Crystallogra-
phy and NMR Systems, version 1.1 (CNS) (12). Final reﬁnement steps for
the higher resolution Y34F-ﬂuorinated MnSOD were completed using
SHELX (13). Side-chain orientations were corrected where required, due to
potential van der Waals clashes of their hydrogen atoms, using Reduce and
Probe (14,15). The structures were ﬁt against calculated 2Fo  Fc, Fo  Fc
and composite omit electron density maps in the Xﬁt module of XtalView
(16). The ﬂuorinated wild-type MnSOD structure was reﬁned to an Rwork of
21.2% and an Rfree (17) of 25.2% (with 5% of the reﬂections ﬂagged for the
test set) and the Y34F to a Rwork of 15.3% and an Rfree of 20.3%. Coordinates
for the structures are deposited in the Protein Data Bank with accession
numbers 1XDC for wild-type ﬂuorinated MnSOD and 1XIL for the ﬂuo-
rinated Y34F mutant MnSOD.
Density functional theory calculations
Geometry optimization and harmonic frequencies were calculated for
L-tyrosine and 3-ﬂuorotyrosine and their modiﬁed structures with density
functional theory (DFT) applying the hybrid Becke3-Lee-Yang-Parr
(B3LYP) exchange-correlation function and 6-31G** basis set under the
Gaussian 98 suite of programs (18). This level of theory has been demon-
strated to be reliable in predicting vibrational frequencies and relative
intensities of medium-sized polycyclic aromatic hydrocarbons (19). Zero
point-corrected total energies were used to search for the global energy
minima of the potential surfaces. A factor of 0.978 was used to scale the
harmonic frequencies and zero point energies to account for anharmonicity
effects and basis set deﬁciency. Such a factor was adopted earlier for neutral
and cationic ﬂuorene (a medium-sized polycyclic aromatic hydrocarbon)
and found to give good agreement between calculated and observed mode
frequencies (19).
Modeling of the atomic displacements in the various vibrational modes of
the optimized molecular structures was viewed using AniMol software
(Innovative Software, Gainesville, FL).
RESULTS
FTIR spectra of tyrosine and 3-ﬂuorotyrosine
The FTIR absorption spectra of uniformly hydrated tyrosine
and 3-ﬂuorotyrosine solutions in phosphate buffer at pH 7.8
were measured at room temperature (Figs. 1 and 2). Only the
1200–1900 cm1 region is shown due to the broad OH band
at 3000 cm1 and large phosphate contribution below 1200
cm1. No clear band for the bending vibration of liquid water
(at 1650 cm1) is observed in our experimental spectrum
(Fig. 1 A). This indicates that there is no signiﬁcant non-
bonded (i.e., free) water left in our sample. The excellent
agreement of the observed IR spectrum with that calculated
for hydrogenated tyrosine, as displayed in Fig. 1 B, indicates
our samples are nearly fully hydrated. (In our calculations
we hydrogenated a carboxyl oxygen to simulate the presence
of a water molecule hydrogen bonded to that group.) In
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addition, the 3300 cm1 peak, which contains contributions
from the OH stretch of water (as well as the NH stretch from
the protein) is 0.3 absorbance units in all the spectra. This
suggests uniformity of hydration.
The lack of any strong bands in the 1700–1800 cm1
region indicates the absence of signiﬁcant C ¼ O stretching
vibration from the carboxylic group of the tyrosines, con-
sistent with ionization to carboxylate at the pH of 7.8 of
the original solution. To mimic this in our calculations,
hydrogen atoms were placed in proximity to the carboxyl
groups in the tyrosines, as displayed in Fig. 1. The ﬁgure also
shows a comparison of the calculated and observed FTIR
spectra for hydrogenated tyrosine. All bands in the experi-
mental spectrum are now readily assignable, based on agree-
ment of band frequencies and relative intensities. Table 1 gives
a similar comparison for hydrogenated 3-ﬂuorotyrosine.
A symmetric C-C ring-stretching vibration is assigned
to the 1625 cm1 tyrosine band (and the 1606 cm1 band in
3-ﬂuorotyrosine) (Figs. 1 and 2). DFT computations place
this mode at 1637 cm1 in tyrosine (and 1638 cm1 in
3-ﬂuorotyrosine). The asymmetric C-C ring-stretching mode
is calculated at 1607 cm1 for tyrosine (and 1615 cm1 for
ﬂuorotyrosine) and observed at 1600 cm1 (tyrosine) and
1587 cm1 (3-ﬂuorotyrosine; Table 1). Note that this region
also has a contribution from the carboxylate anion near 1600
cm1. In the case of 3-ﬂuorotyrosine, a strong coupling of
the C-F stretch oscillator to the C-C stretch ring oscillators
was identiﬁed from viewing the atom motion during vibra-
tions. Also, the electronegative F-atom causes a change in
the atomic charge distribution in phenol, which likely affects
the interaction of the phenol ring with the surrounding mo-
lecular bath (vide infra). These effects account for the change
in the observed C-C stretch frequencies in 3-ﬂuorotyrosine.
However, in the B3LYP harmonic frequency prediction, the
modes coupling and interaction with the surrounding bath
are not incorporated into the calculation. This omission
certainly affects the calculated band frequencies for the C-C
stretch ring modes, causing higher predicted frequencies
than observed (Table 1).
Both tyrosines are predicted to have a symmetric ring CC/
CH stretching mode at 1526 cm1 (Table 1). A prominent
band is observed at 1521 cm1 for tyrosine (1516 cm1 for
FIGURE 1 (A) Experimental room
temperature infrared absorption spec-
trum of a partially hydrated sample of
tyrosine in phosphate buffer (at pH 7.8)
and room temperature, and (B) calcu-
lated (B3LYP/6-31G**) infrared ab-
sorption spectrum of hydrogenated
tyrosine at optimized (displayed) ge-
ometry. In the calculated spectrum, the
harmonic band frequencies were scaled
uniformly by a factor of 0.978. Bands
of 3 cm1 bandwidth were constructed
using 50% Gaussian and 50% Lorentzian
functions. The vertical lines mark the
proposed band assignments collected in
Table 1.
FIGURE 2 Infrared absorption spectra of uniformly hydrated samples of
(A) tyrosine and (B) 3-ﬂuorotyrosine. FTIR data were collected on 1 mM
L-tyrosine and 1 mM 3-ﬂuorotyrosine in 20 mM phosphate buffer at pH 7.8
at 20C. The tick marks on the y axis represent 0.3 absorbance units.
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ﬂuorotyrosine) and is assigned to the symmetric ring CC/CH
mode. Although higher in frequency than previously ob-
served (1500 cm1) (20), this discrepancy could be due to
different experimental conditions (see below). A low in-
tensity HCaH bending mode is expected at ;1471 cm
1 for
tyrosine (and ;1467 cm1 for ﬂuorotyrosine). A weak
shoulder at 1450 cm1 in tyrosine and more pronounced,
though still weak, band in ﬂuorotyrosine at 1456 cm1 is
assigned to this bending mode. These results are in agree-
ment with the literature values for ring modes of the phenolic
side chain of tyrosine (21) but are signiﬁcantly different than
ring modes in tyrosinate (20) and phenolate anionic species
(22).
Several bands in the 1430–1330 cm1 region arise from
additional ring and carboxyl group vibrations as well as
frommodes containing the Ca, Cb, and Cg atoms. They are ob-
served at 1429, 1405, 1390 (shoulder), 1354 and 1329 cm1
for tyrosine (Figs. 1 A and 2 A), and 1433, 1415, 1362, 1356
(shoulder), and 1331 cm1 for ﬂuorotyrosine (Fig. 2 B).
The C-O stretching vibration of the phenolic group of
tyrosine appears at 1275 cm1 (Figs. 1 A and 2 A); this is
characteristic of protonated phenols with the O-H group
involved in hydrogen-bonding interactions and acting as
a proton donor (21). In ﬂuorotyrosine, this band is shifted
signiﬁcantly to lower frequencies (to 1250 cm1). Sub-
stitution of an o-hydrogen atom with the more electroneg-
ative ﬂuorine atom is expected to redshift the C-O stretch of
the phenolic group, an expectation fully consistent with our
DFT calculations, which predict a downshift of 31 cm1
(observed shift: 25 cm1). Modeling of the atomic displace-
ments for this mode shows that the phenol C-O stretch
requires a substantial ring deformation involving F atom
movement as well. The large mass difference between ﬂuo-
rine and hydrogen is probably partially responsible for the
lowering of the phenol C-O stretching vibrational frequency.
The spectrum of ﬂuorotyrosine (Fig. 2 B) shows an addi-
tional band at ;1293 cm1 (shoulder), which is assigned to
a ring mode that includes a large C-F displacement. As
expected, this band is not observed in L-tyrosine.
FTIR spectra of unlabeled and ﬂuorinated
wild-type human MnSOD
To identify the vibrational modes that arise from the tyrosine
moieties, human MnSOD was prepared with each of the nine
tyrosine residues in each subunit replaced with 3-ﬂuoroty-
rosine. Fig. 3 A (solid line) shows the FTIR spectrum of
unlabeled wild-type MnSOD in phosphate buffer at pH 7.8;
the ﬂuorinated version is shown superimposed as a dotted
line. A difference spectrum, given in Fig. 3 B, shows only
those vibrational modes that are sensitive to ﬂuorination.
Vibrations not altered in frequency or intensity upon ﬂuo-
rination will cancel and not be observed. Any differences in
environment of the 3-ﬂuorotyrosine residues will inﬂuence
their normal modes, and thus affect the IR spectrum.
The difference spectrum shows the vibrational modes
of unlabeled tyrosine as positive bands and those from
ﬂuorinated tyrosine as negative bands. Signiﬁcant changes
are observed in the aromatic ring-stretching regions around
1600 cm1. The amide I (C ¼ O stretching of the backbone)
absorbs at ;1650 cm1 and is expected to contribute
absorption in this region if there are changes in the secondary
structure of the protein upon ﬂuorination. A positive line at
1614 cm1 can be assigned to the symmetric CC stretching
vibration of unlabeled tyrosine. This mode was observed at
1625 cm1 for the model compound (Table 1). Upon ﬂuo-
rination of the tyrosines in MnSOD, this mode shifts to 1605
cm1 and is shown as a negative band in Fig. 3 B. The
asymmetric CC ring-stretching vibration for unlabeled
tyrosine occurs most probably at 1593 cm1. The band
TABLE 1 Infrared absorption band frequencies (in cm21) observed and calculated (B3LYP/6-31G**) for tyrosine (Figs. 1 A and 2 A)
and 3-ﬂuorotyrosine (Fig. 2 B)
Tyrosine 3-Fluorotyrosine
Mode description* Observed Calculatedy Observed Calculatedy
HNH bend 1 CC symmetric ring stretch 1625 1640 1 1637 (0.71) 1606 1643 1 1638 (0.20)
CC asymmetric ring stretch 1600 1607 (0.18) 1587 1615 (0.12)
CC/CH symmetric ring stretch 1521 1526 (0.98) 1516 1526 (1.00)
HCaH bend 1450sh 1471 (0.05) 1456 1467 (0.03)
CC/CH asymmetric ring stretch 1429 1447 (0.20) 1433 1450 (0.14)
CbCg stretch 1405 1394 (0.60) 1415 1393 (0.29)
HCbCg bend ;1390sh 1381 (0.19) 1362 1378 (0.09)
CC asymmetric ring stretch 1354 1345 (0.38) 1356sh 1375 (0.12)
HCaCb bend 1329 1340 (0.39) 1331 1338 (0.19)
C1CaHa bend  1329 (0.02)  1320 (0.06)
C1CaHa bend  1305 (0.05)  1304 (0.24)
FC stretch   1293sh 1282 (0.20)
CO phenolic stretch 1275 1277 (0.99) 1250 1246 (0.65)
HCaH/HCb Cg /HOCg bend 1295 1260 (1.00) 1274 1256 (0.52)
*Major vibrations are noted only.
yFrequencies are scaled uniformly by a factor of 0.978. Relative integral intensities are given in parentheses.
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resulting from ﬂuorination is not evident. The negative 1628
and 1551 cm1 bands are assigned to the amide I and amide
II groups, respectively. These modes may indicate small
changes in the secondary structure of MnSOD upon ﬂuo-
rination. The exact attribution of the 1703 cm1 band is
uncertain, but it is characteristic of the carbonyl group of the
carboxylic acid.
The positive 1514 cm1 band is assigned to the symmetric
ring CC/CH stretching vibration of unlabeled tyrosine (Table
2). The red-shifted band is observed at 1497 cm1. The
HCaH bending and asymmetric counterparts of the ring CC/
CH stretching mode are not evident but are predicted to be
low intensity modes. Vibrational bands observed at 1437 and
1408 cm1 could represent vibrational changes involving the
Cb and Cg atoms. A negative band at 1296 cm
1 is assigned
to the C-F stretching modes of ﬂuorotyrosine in wild-type
MnSOD. It is observed at ;1293 cm1 in the model
compound (Fig. 2 B). Two distinct bands are observed for
unlabeled MnSOD in this region: at 1265 and 1232 cm1.
The mode at 1265 cm1 is consistent with the phenol group
of tyrosine residues involved as proton donors in hydro-
gen-bonding interactions (21). Furthermore, the mode at
1232 cm1 can be assigned to tyrosine residues in which the
phenol group is a proton acceptor in hydrogen-bonding
interactions (21). These differences in environment give rise
to different components of the C-O stretching vibration.
FTIR spectra of unlabeled and ﬂuorinated Y34F
Human MnSOD
FTIR spectroscopy has been applied to the site-speciﬁc
mutant of human MnSOD in which Tyr34 was replaced with
Phe (Y34F). Fig. 4 A shows the FTIR absorption spectra of
unlabeled Y34F (solid line) and Y34F in which each of the
eight remaining tyrosine residues is labeled with ﬂuorine at
the 3-position of the phenol ring (dotted line); the difference
spectrum is shown in Fig. 4 B. Again, vibrational modes of
unlabeled tyrosine are positive bands, and the modes of
ﬂuorinated tyrosine are negative bands. As was observed
FIGURE 3 Infrared absorption spectra of (A, solid line) unlabeled human
wild-type MnSOD, and (A, dotted line) wild-type MnSOD in which each
tyrosine residue is labeled with ﬂuorine at the 3-position of the phenol ring.
The tick marks on the y axis represent 0.2 absorbance units. The difference
spectrum (unlabeled-minus-ﬂuorinated) is shown in B. The tick marks on the
y axis represent 0.03 absorbance units. FTIR data were acquired at 20C on
30 mL of protein sample at 0.5 mM in 20 mM phosphate buffer at pH 7.8 and
partially dehydrated onto a ZnSe window.
TABLE 2 Proposed assignment of infrared absorption band
frequencies (in cm21) observed for wild-type and Y34F human
manganese superoxide dismutase
Wild-type Y34F
Mode description Unlabeled Fluorinated Unlabeled Fluorinated
CC symmetric ring stretch 1614 1605 — —
CC/CH asymmetric ring
stretch
1593 — — —
CC/CH symmetric ring
stretch
1514 1497 1514 1498
HCbCg bend 1437 1408 — —
CbCg stretch — — 1406 —
HCaCb bend — — 1348 —
FC ring stretch — 1296 — 1296
C-O phenolic stretch 1265 — 1257 —
C-O phenolic stretch 1232 1209 1228 1211
FIGURE 4 Infrared absorption spectra of (A, solid line) unlabeled Y34F
and (A, dotted line) ﬂuorinated Y34F MnSOD. The difference spectrum
(unlabeled-minus-ﬂuorinated) is shown in (B). The tick marks on the y axis
represent 0.03 AU. Spectral conditions were as described in Fig. 3.
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for wild-type, ﬂuorination of the tyrosine residues in Y34F
causes changes in the vibrational modes of tyrosine. The
1600 cm1 region, which contains contributions from the
tyrosine ring-stretching vibrations and from the amide I/II of
the protein backbone, shows perturbations upon ﬂuorination.
Again, these changes are more likely due to ring vibrations
than to changes in the backbone vibrations because of
ﬂuorine labeling on the phenol ring. Because of large and
overlapping bands in the 1600 cm1 region, it is difﬁcult to
pinpoint particular ring-stretching vibrations that shift upon
ﬂuorination.
However, the CC/CH stretching vibrations observed at
;1500 cm1 are quite apparent. A positive 1514 cm1 band is
assigned to the symmetric ring CC/CH stretching vibration
of unlabeled tyrosine (Table 2). The red-shifted band is ob-
served at 1498 cm1. The asymmetric counterpart of the ring
CC/CH stretching mode is not seen, due to its expected low
intensity. A negative mode at 1296 cm1 is attributed to the
C-F stretching modes of 3-ﬂuorotyrosine in Y34F MnSOD.
Also, positive bands are observed at 1406 cm1 and 1348
cm1 and are tentatively assigned to vibrations involving the
Ca, Cb, and Cg atoms.
Note that the intensity of the 1265 cm1 band has de-
creased signiﬁcantly and shifted to lower energy by 8 cm1
in Y34F compared with wild-type (Fig. 4 B). An expanded
version of this part of the spectrum is shown in Fig. 5. The
difference spectrum shown in Fig. 5 is the average of ﬁve
spectra obtained on ﬁve different samples. Each one of the
individual spectra shows the 1265 cm1 band. The spectra
are corrected for protein concentrations by setting the amide
I vibration of each absorbance spectrum to 0.35 absorbance
units. This is an arbitrary number that was chosen to nor-
malize the spectra that were used to obtain a difference
spectrum. This method has been employed extensively for
photosystem II (for an example, see Ayala and Barry (23)).
By correcting for the amide I vibrational mode, small dif-
ferences in protein concentration from sample to sample
were taken into account. In addition to the correction for
protein concentration, baseline correction of the absorbance
spectra was performed using the software GRAMS (Galactic
Industries, Salem, NH). The absorbance spectra shown in
Figs. 3 A and 4 A were corrected using a two-point baseline
correction. In this method two baseline points were selected
at the ends of the spectral region. A multiple-point baseline
correction was not practicable because our absorbance
spectra show multiple overlapping bands and it is difﬁcult
to select points that belong to the baseline without biasing
our data. Difference spectra were constructed using the
baseline-corrected absorbance spectra; these difference
spectra were indistinguishable from those obtained using
no baseline correction.
One of the components of the C-O vibration at 1228–1232
cm1 is evident in both Figs. 3 B and 4 B; the other com-
ponent at 1265 cm1 is very much smaller in Y34F. These
data show that the C-O stretching vibration of the phenolic
group of Y34 makes a contribution to the 1265 cm1 mode.
This frequency is characteristic of phenol groups, which
hydrogen bond and act as proton donors (21). This band has
shifted to 1257 cm1 and has nearly disappeared in Y34F. A
summary of the proposed vibrational mode assignments for
wild-type and Y34F are shown in Table 2.
Crystal structures
Crystal structures were determined for human wild-type
MnSOD and Y34FMnSOD at 1.85 and 1.53 A˚, respectively,
in which the tyrosine residues were replaced with 3-ﬂuo-
rotyrosine. The electron density maps show the presence of
3-ﬂuorotyrosine side chains in the two structures, with each
of the nine 3-ﬂuorotyrosine side chains in a single orien-
tation. The ﬂuorine groups were mostly reﬁned at 70%
occupancy. This is consistent with the percentage incorpo-
ration of ﬂuorine tyrosine and resulted in reasonable B
values for the ﬂuorine atoms and the surrounding side chain
atoms. We had expected to see a distribution of rotamers for
3-ﬂuorotyrosine side chains, which would be clearly evident
in these relatively high resolutions structures. However, it
was immediately apparent from the initial electron density
maps after molecular replacement that this was not the case.
In the reﬁned structures, each of the side chains of the nine
3-ﬂuorotyrosine residues was observed clearly to adopt
a preferred orientation, most likely reﬂecting local environ-
ments. The B values for these ﬂuorine atoms were reﬁned to
reasonable B values, which were very similar to or the same
as the surrounding atoms of the side chain.
FIGURE 5 Comparison of the FTIR difference spectra of wild-type and
Y34F MnSOD. The tick marks on the ordinate represent 0.02 absorbance
units. Note that the intensity at 1265 cm1 has decreased signiﬁcantly in
Y34F compared with wild-type. These data show that the C-O stretching
vibration of the phenolic group of the tyrosine side chain at residue 34 in
wild-type makes an infrared contribution at 1265 cm1. This frequency is
characteristic of phenol groups that act as hydrogen bond donors (21).
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Incorporation of 3-ﬂuorotyrosine does not signiﬁcantly
alter the structures of the ﬂuorinated wild-type and Y34F
MnSOD, as they are structurally superimposable with their
nonﬂuorinated counterparts; the average root mean-square
deviation for all 198 a-carbon atoms between unﬂuorinated
and ﬂuorinated wild-type MnSOD is 0.3 A˚. An apparent
hydrogen-bonding scheme extending from the metal-bound
solvent is maintained in the structure of the wild-type
MnSOD containing 3-ﬂuorotyrosines (Fig. 6). Analysis of
potential van der Waals contacts of the hydrogen atoms
(14,15) of Gln143, which is part of the hydrogen-bonding
scheme, indicates that the amide group is oriented toward the
hydroxyl of Tyr34; a 180 ﬂip of the Gln143 side chain (about
x3) would cause steric clashes with neighboring atoms,
including Asn73, Trp123, and the protein backbone. This
suggests the directionality of the hydrogen bond chain
emanating from the metal-bound solvent. The amide of the
carboxamide side chain of Gln143 acts as a hydrogen bond
donor to the phenolic hydroxyl of ﬂuorinated Tyr34, which
in turn appears to be in a hydrogen bond with the water
molecule between the side chains of Tyr34 and His30 (Fig. 6;
Table 3). This is the same observation as made for the wild-
type human MnSOD (4). However, this hydrogen-bonding
network is altered in the Y34F mutant structure. The Y34F
mutation results in another water molecule being present in
the active site, in a position approximately equivalent to the
hydroxyl group of the wild-type Tyr34 (Fig. 7; Table 3).
Thus, the His30 ND1-water-water-Gln143 NE2 hydrogen bonds
may partially restore the hydrogen-bonding relay in Y34F.
DISCUSSION
Each of the nine tyrosine residues of wild-type human
MnSOD was replaced with 3-ﬂuorotyrosine. Interestingly,
this had rather little effect on the structure of the enzyme; the
ﬂuorinated and unﬂuorinated structures are closely superim-
posable. Signiﬁcantly, the apparent hydrogen-bonded net-
work, extending from the manganese-bound solvent, appears
unchanged in the ﬂuorinated wild-type MnSOD (Fig. 6). The
crystal structure of unﬂuorinated wild-type human Mn(III)-
SOD with the highest resolution (Protein Data Bank ac-
cession code 1LUV (24)) shows that in subunit A of the
asymmetric subunit dimer the hydroxyl oxygen of Tyr34 is
located 3.0 A˚ from the side-chain carboxamide (NE2) of
Gln143 and 2.8 A˚ from the oxygen of a water molecule, both
suggesting hydrogen bonding. However, the corresponding
FIGURE 6 Crystal structure of the active site of humanMnSOD, in which
tyrosine residues have been replaced with 3-ﬂuorotyrosine (yellow),
superimposed upon wild-type human MnSOD (green). The apparent
hydrogen-bond scheme between the manganese-bound solvent molecule,
the side chains of Gln143, Tyr34, a water molecule, and the His30 and Tyr166
side chains is conserved in both structures and is depicted by gray spheres.
FIGURE 7 Crystal structure of the active site of Y34F mutant of human
MnSOD that has tyrosines replaced by 3-ﬂuorotyrosine (salmon), super-
imposed upon wild-type human MnSOD (green). The active-site hydrogen-
bonding scheme, present in the wild-type enzyme, is altered in the Y34F
mutation. Gray spheres depict the Y34F active-site hydrogen bonds, where
an extra water molecule is observed in the active site, which is likely to par-
tially restore the hydrogen bond relay.
TABLE 3 Bond distances and angles of the active-site
hydrogen bond network in ﬂuorinated wild-type
and ﬂuorinated Y34F human MnSOD
Fluorinated wild-type Fluorinated Y34F
Bond distances, A˚ Subunit A Subunit B Subunit A Subunit B
Mn-bound OH-Gln143 NE2 2.8 2.8 2.7 2.7
Gln143 NE2-Tyr34 OH 2.9 3.0 — —
Tyr34 OH-H2O 2.9 2.8 — —
Gln143 NE2-H2O — — 3.1 3.0
H20-H2O — — 2.7 2.7
H20-His
30 ND1 2.7 2.5 2.8 2.8
His30 NE2-Tyr166 OH 2.8 2.7 2.8 2.7
Bond angles, degrees
Mn-bound OH-Gln143
NE2-Y34OH
116.0 112.2 — —
Gln143-Y34OH-H2O 120.7 122.1 — —
Ty34OH-H2O-His
30 ND1 147.8 144.7 — —
Mn-bound OH-Gln143
NE2-H2O
— — 95.9 91.1
Gln143 NE2-H2O-H2O — — 140.8 137.9
H2O-H2O-His
30 ND1 — — 122.0 115.3
His30 NE2-Tyr166
OH-Ty166 CZ
123.8 115.8 120.5 122.7
Manganese Superoxide Dismutase 4177
Biophysical Journal 89(6) 4171–4179
distances in subunit B are 2.9 A˚ for the carboxamide (Gln143)
to hydroxyl (Tyr34) and 3.3 A˚ for the hydroxyl to water. The
ﬂuorinated wild-type human Mn(III)SOD structure shows
that in subunit A the hydrogen bond distancing between hy-
droxyl oxygen of Tyr34 and the side-chain carboxamide of
Gln143 is 2.9 A˚ and also 2.9 A˚ to the oxygen of the water
molecule. Distances in subunit B are 3.0 A˚ for the Gln143
carboxamide to Tyr34 hydroxyl and 2.8 A˚ for Tyr34 hydroxyl
to water. Thus, these crystal structures suggest that the
hydroxyl of Tyr34 is a hydrogen bond acceptor from NE2 of
Gln143; however, the nature of the interaction of the hydroxyl
of Tyr34 with the adjacent water molecule is ambiguous.
In this work, FTIR spectroscopy is used to study MnSOD;
thorough studies of MnSOD using resonance Raman spec-
troscopy are reported (8). To the best of our knowledge, this
is the ﬁrst FTIR study of ﬂuorinated tyrosine in a protein
with the express goal of assessing the structural character-
istics of a particular tyrosine residue. The addition of the
electronegative ﬂuorine atom at the 3-position of the phenol
ring of tyrosine caused the ring-stretching vibrations to be
lower in frequency, indicating weaker bonds. Also, the
phenolic C-O stretching vibration of 3-ﬂuorotyrosine was
found at lower frequency than in tyrosine, suggesting a
weaker C-O bond in 3-ﬂuorotyrosine than in tyrosine. This
was conﬁrmed in both tyrosine as a model compound and
DFT calculations (Figs. 1 and 2; Table 1) and in the protein
data (Figs. 3 and 4; Table 2).
The FTIR spectra revealed additional differences between
ﬂuorinated and unﬂuorinatedMnSOD (Figs. 3 and 4). Although
the crystal structures of the unﬂuorinated and ﬂuorinated
wild-type MnSOD were closely superimposable (Fig. 6), the
FTIR data showed changes in the amide I and II vibrational
bands, suggesting some changes in backbone conformation
which are apparently not within the detection limits of the
crystallography. Among other notable differences was the
C-O stretch of the phenol group of tyrosine, the intensity and
frequency of which is sensitive to the status of the hydoxyl as
a proton donor or acceptor (21). The difference FTIR spectra
of Figs. 3 and 4 for ﬂuorinated and unﬂuorinated MnSOD
identify this tyrosine C-O stretch, and the comparison of
these spectra for wild-type and Y34F MnSOD identify this
vibrational mode in the active-site residue Tyr34.
Although the phenolic side chain of Tyr34 can participate
as both a hydrogen bond acceptor and donor, the FTIR
analysis of human Mn(III)SOD in this study shows
a prominent absorption at 1265 cm1 (Fig. 5), indicating
that the C-O stretch in the side chain of Tyr34 is dominated
by the OH group acting as a hydrogen bond donor. This then
conﬁrms the protonation state of Tyr34 in Mn(III)SOD and
the presence of a hydrogen bond between the hydroxyl of
Tyr34 and the adjacent water molecule. Moreover, the data
complement the crystal structure, which suggests this hy-
drogen bond, although somewhat ambiguously. These hy-
drogen bond interactions of Tyr34 have implications for the
spectroscopic and catalytic properties of the enzyme. They
affect the visible absorption spectrum of MnSOD at 480 nm,
with Tyr34 being the source of the pKa near 9.5 (7,8,25). The
ionization of Tyr34 also explains the pH dependence of
catalysis observed in wild-type and mutants in which kcat/Km
shows a pKa near 9.5 (8). Tyrosine
34, most likely through
hydrogen-bonded interactions with Gln143 and a water mol-
ecule, provides an active-site framework that supports proton
transfer in catalysis, although Tyr34 may not be the source of
the protons that eventually form the H2O2 product (5).
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